The axial buckling behavior of magnetically affected current-carrying nanowires is studied accounting for the surface energy effect. Using Euler-Bernoulli beam theory, the Lorentz force on the nanowire is determined and the governing equations are established. By application of the Galerkin approach and assumed mode method, the critical axial compressive load of the nanostructure is evaluated in the cases of simply supported and fully clamped ends. The effects of surface energy, electric current, strength of the magnetic field, slenderness ratio, and nanowire's radius on the axial buckling loads are comprehensively discussed. The obtained results reveal that both the electric current and exerted magnetic field endanger the axial stability of the nanowire. For high levels of electric current or magnetic field strength, the surface effect becomes significant in the axial buckling performance of the nanostructure.
Introduction
Metallic nanowires are promising for electronic and optoelectronic nanodevices such as sensors [1, 2] , solar cells [3, 4] , light emitting diodes [5, 6] , and micro-/nano-electromechanical systems (MEMS/NEMS) [7] [8] [9] . For most of these applications, the nanowires carry electric currents that may be immersed in a magnetic field. For practical applications, it is a crucial task to determine the load-bearing of such magnetically affected nanostructures. Besides, such studies ensure designer engineers about the maximum load that can be safely transferred by them. To satisfy this goal, herein, critical compressive axial load of current-carrying nanowires (CCNWs) subjected to a longitudinal magnetic field (LMF) is going to be explored theoretically. It is worth mentioning that this study can be regarded as a pivotal step towards realizing the buckling behavior of vertically aligned ensembles of CCNWs acted upon by a magnetic field. Such nanosystems are anticipated to be the building blocks of the upcoming MEMS and NEMS.
The mechanical behaviors of nanostructures are entirely different from those of macrostructures due to growing of the surface to the volume. In other words, as the sizes of the structure decrease, the share of the surface energy in the total strain energy becomes significant. It implies that the surface energy effect should be appropriately taken into account in assessing mechanical behavior of nanoscaled structures. In addition, there exist many tests that furnish us about the strength and stiffness of nanowires [10] [11] [12] [13] [14] . The experimentally observed data showed that the elastic modulus of such structures is diameter or thickness dependent. In several cases, such results have been successfully confirmed by advanced continuum-based models [15] [16] [17] [18] [19] .
From applied mechanics points of view, understanding the nature of the surface of solid bodies is an important step in assessing their mechanical behaviors, particularly those with large ratios of the surface to the volume. In contrast to the bulk's atoms, the surface layer has atoms with fewer neighbors (i.e. only from one-side interact with the atoms of the bulk). Therefore, when a solid body deforms, the elastic energy density of the surface's atoms commonly exceeds that of the bulk's atoms. Gurtin and Murdoch [20] [21] [22] are among the first scientists that proposed a conspicuous mathematical/physical model to capture the surface energy. In the established theory, the surface zone is considered as an elastic layer of zero thickness that has been perfectly adhered to the underlying bulk zone. The residual surface stress under unconstrained conditions (i.e. surface stress at zero surface strains) and the surface layer constants (i.e. Lame's surface constants) are among the important characteristics of the surface layer that was introduced by the surface elasticity theory of Gurtin-Murdoch.
So far, the surface elasticity theory of Gurtin-Murdoch has been widely exploited in various problems of nanowires such as static analysis [19, [23] [24] [25] , buckling [26] [27] [28] [29] [30] [31] , vibration [32] [33] [34] [35] [36] [37] [38] [39] , and postbuckling [40] [41] [42] . Concerning mechanical behavior of CCNWs in the presence of a longitudinal magnetic field, Kiani [43] studied forced vibrations of such nanostructures acted upon by transversely dynamic loads. Using a string model accounting for both nonlocality and surface effects, the governing equations are derived and numerically solved via the assumed mode method. The roles of the frequency ratio (i.e. frequency of the applied load to that of the CCNW), electric current and magnetic field strength, nonlocality, and surface effect on the maximum dynamic response of the nanostructure were noticed. In another work, free vibration and dynamic instability of magnetically affected CCNWs were examined [44] . Using a string model based on the surface elasticity theory of Gurtin-Murdoch, the equations of transverse motion were obtained. The explicit expressions of transverse displacements were derived for the given initial conditions. The roles of initial tensile force, electric current, magnetic field strength, and surface energy effect on the natural frequencies as well as the maximum dynamic transverse displacements were explained. The conditions associated with the dynamic instability of the nanostructure were revealed as well. Recently, Kiani [45] investigated vibrations and stability of doubly parallel currentcarrying nanowires subjected to a longitudinal magnetic field. The natural frequencies and their corresponding mode shapes were characterized and the origin of dynamic instability in such nanosystems is methodically discussed.
Besides Gurtin-Murdoch theory, other advanced continuum-based theories, for example, the nonlocal continuum theory of Eringen [46, 47] and strain gradient elasticity of Aifantis [48, 49] , have been widely implemented to study statics [50] [51] [52] [53] , free dynamics [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] , forced vibrations [63] [64] [65] , and buckling behaviors [66] [67] [68] [69] [70] 74] of nanoscaled tube, bar, solid beam, and plate structures. Since the predicted mechanical behaviors of solid nanowires by the Gurtin-Murdoch model lead to a fairly good fit with those of experiments as well as atomistic-based approaches; therefore, we adopt this model to investigate the problem.
To the best knowledge of the author, axial buckling of slender CCNWs immersed in a longitudinal magnetic field has not been addressed yet. Given the importance of the subject in NEMS and MEMS technologies, bridging this scientific gap is of high interest in the present paper. By implementing surface elasticity theory and the Euler-Bernoulli beam model, the coupled governing equations of the nanostructure are derived. Using the Galerkin approach and admissible modes, the axial buckling loads of the current-carrying nanowire are evaluated for simply supported and fully clamped ends. Through various numerical studies, roles of influential factors on the axial load-bearing capacity of the nanostructure are inclusively explained. The obtained results can be considered as a pivotal step towards better the understanding of the axial buckling load of bundles of nanowires carrying electric current immersed in a longitudinal magnetic field.
Definition, formulations, and numerical analysis of the problem

Description of the nanomechanical problem
Consider a CCNW subjected to both an axially compressive load of magnitude N and a longitudinal magnetic field of strength B 0 as shown in figure 1 . The length, area, and moment inertia of the nanowire's cross-section are l b , A b , and I b , respectively. The nanowire is used to safely transfer the direct electric current I 0 from one end to another. Based on the Lorentz formula, a lateral magnetic force exerts on the CCNW due to its transverse displacements. The components of such a force along the y and z axes are given by [43, 44] :
where v = v(x) and w = w(x) are the deflections along the y and z axes, respectively. Evaluation of the axial load corresponds to the buckling of the above-mentioned magnetically affected slender nanowire is of great interest. In the following part, the governing equations are constructed based on the Euler-Bernoulli beam theory accounting for the surface energy effect. Subsequently, a simple but efficient methodology is proposed to explore buckling of the nanowire for various end conditions.
Governing equations of a CCNW subjected to a longitudinal magnetic field
Based on the surface elasticity, the governing equations of an axially loaded CCNW in the presence of a LMF in the y and z directions are expressed by [32] :
where d is the differential symbol, M by and M bz in order are the bending moments about the y and z axes, Q by and Q bz are the resultant shear forces, τ αβ are the surface stresses, n y and n z are the components of the unit outward normal vector of the surface layer, ds is a perimeter element, S denotes the perimeter of the nanowire's cross-section. In equations (2a)-(2d), the effect of the neutral axis stretching due to immovability of both ends of the nanowire on its buckling behavior has been neglected. By combining equations (2a) and (2b) as well as equations (2c) and (2d), the following equations in terms of bending moments are derived:
where the bending moments within the bulk zone of the nanowire based on the Euler-Bernoulli beam theory are stated by:
where B denotes the cross-sectional domain of the bulk zone.
In the context of linear elasticity, the longitudinal normal stress of the bulk zone is expressed by: 
According to the Gurtin and Murdoch surface elasticity theory [20] [21] [22] , for the beam problems, the constitutive relations of the surface layer are reduced to [32] :
where τ xx and τ nx in order are the normal and shear stresses of the surface layer, λ 0 and μ 0 are the surface Lame's constants. The values of τ0, λ0, and μ0 are commonly determined by comparing the obtained frequencies by the proposed surface model with those of another atomistic-based approach [71, 72] or experimentally observed data [73] . Since only flexural behavior of the nanowire is of interest, the longitudinal displacement of the nanowire's neutral axis is excluded. Thereby,
and the surface stresses of the nanowire are related to the transverse displacements by: 
By substituting equations (6) and (8) into equations (3a) and (3b), the governing equations of a CCNW immersed in a longitudinal magnetic field are obtained: by introducing equation (10) to equations (9a) and (9b), the dimensionless governing equations of the nanostructure take the following form: (11b)
Application of the assumed mode method
In order to study axial buckling behavior of CCNW acted upon by a longitudinal magnetic field, Galerkin approach is implemented. Let premultiply both sides of equations (11a) and (11b) by δv and δw, respectively. After summing up the resulting expressions, taking the required integration by parts, and letting (12) where the elements of the nonzero arrays and submatrices are defined by: 
Results and discussion
In this part, several constructive studies are performed to show both accuracy of the proposed model and influential factors on the axial buckling mechanism of the nanostructure at hand. For this purpose, silver nanowires are considered with the following mechanical data: E b = 76 GPa, ν b = 0.26, 
A convergence check study
In order to ensure regarding the stability of the proposed numerical scheme, a convergence check scrutiny is performed. In figures 2(a) and (b), the predicted axial buckling load of the CCNW acted upon by a LMF in terms of number of modes are plotted for both simply supported and fully clamped ends. The following modes shapes are taken into account for these boundary conditions: 
and 
A close survey of the obtained results reveals that as the mode number increases, the discrepancy between the predicted axial load for a given mode number and that of one lower mode would reduce. According to the demonstrated results in figures 2(a) and (b), the obtained axial buckling load by the numerical model for both end conditions converges very well.
In the remainder of this paper, 10 mode shapes are considered in all buckling analyses of the nanostructure.
A comparison study
A comparison study is performed to check the predicted results by the proposed model with those of another work. In the absence of the LMF or electric current in simply supported silver nanowires, the predicted normalized axial buckling loads ( i.e. by the suggested model and those of [76] are presented in figures 3(a) and (b). As it is seen in these figures, there exists a reasonably good agreement between the results of the proposed model and those of [76] for all levels of the diameter and aspect ratio (i.e. length to diameter ratio) of the nanowires. For a nanowire with a given aspect ratio, figure 3(a) displays that the surface effect would reduce by an increase of the nanowire's diameter. For all levels of the diameter of the nanowire, the predicted axial buckling loads accounting for the surface effect are greater than those obtained based on the classical continuum theory of thin beams. According to figure 3(b) , the surface effect becomes highlighted as the length of the nanowire increases. Therefore, for all considered values of the nanowire's diameter, the discrepancies between the predicted axial buckling loads by the surface elasticity theory and those of the classical theory of elasticity magnify as the nanowire's length increases. Such a fact is attributed to an increase of the surface to the volume of the nanowire as the length of the nanowire increases.
Parametric studies
In the following, the roles of the electric current, strength of the exerted longitudinal magnetic field, slenderness ratio, and nanowire's radius on the critical compressive load are addressed and discussed.
Effect of surface effect on buckling loads of higher
modes. An important study has been conducted to explain the role of the surface energy on axial buckling loads of higher modes of nanowires. In figures 4(a) and (b), the plots of the normalized buckling loads ( ) i.e.
N N cr i cr i0
of the first five buckling modes in terms of the aspect ratio are demonstrated for simply supported and fully clamped nanowires in the special case of r 0 = 10 nm and = f 0 0 . Note that N cr i represents the axial compressive buckling load of the ith mode accounting for the surface effect and N cr i0 denotes the axial buckling load of the Euler-Bernoulli beam model based on the classical theory of elasticity. According to these figures, the surface energy has the most influence on the critical axial buckling load of the first mode for both SS and CC end conditions. As the number of the buckling mode increases, the influence of the surface energy on the buckling behavior of the nanowire would reduce. For all buckling modes, the effect of the surface energy on the buckling load increases as the length of the nanowire increases. A brief overview of the plotted results in figures 4(a) and (b) displays that the surface effect is more influential on the buckling behavior of SS nanowires with respect to CC nanowires. boundary conditions. In this part and the upcoming one, the graphs pertinent to the cases of with and without surface effects are specified by solid and dashed lines, respectively. For both SS and CC end conditions, the load bearing capacity of the CCNW is reduced as the electric current or strength of the applied LMF increases. The main reason of this fact is related to the reduction of the bending stiffness of the CCNW due to an increase of the electric current or strength of the LMF (see equations (13c) and (13d)). In extreme situations, the axial buckling load of the nanostructure becomes zero and the nanowire could not even stand under its own weight. For a given level of the electric current or strength of the LMF, the buckling load of the CCNW would lessen as the slenderness ratio magnifies. For higher slender CCNWs, the nanostructure buckles under a lower level of the electric current or strength of the LMF. Generally, the relative discrepancies between the plotted results based on the models with and without the surface effect would magnify as the nanowire is aimed to carry a higher electric current or when the nanowire is subjected to a LMF with higher strength. The predicted buckling loads by the model without the surface effect are commonly lower than those obtained by the model that considers the surface effect. It is chiefly related to the positive value of the Young's modulus (i.e. E s = λ 0 + 2μ 0 ) of the silver nanowires. The discrepancies between the predicted critical loads by two models in the case of fully clamped ends are generally lower than those in the case of simply supported ends. Furthermore, the CCNWs with CC ends are more sensitive to the variation of electric current or LMF with respect to simply supported CCNWs.
Effect of the slenderness ratio.
An interesting parametric study has been conducted to explain the role of the slenderness ratio on the buckling behavior of CCNWs in the presence of the longitudinal magnetic field. In figures 6(a) and (b), the plots of the axial buckling load in terms of the slenderness ratio have been provided for three levels of the electric current and LMF. For a given electric current or strength of the LMF, the axial buckling load of the CCNW would reduce as its slenderness ratio increases. The rate of reduction is more obvious for CCNWs with a higher electric current. The demonstrated results show that for each value of f 0 , there exists a critical slenderness ratio that corresponds to the zero critical axial load. For slenderness ratios lower than such a critical value, the CCNW buckles as the applied axial load reaches its critical value; however, for the slenderness ratio greater than such a critical value, the CCNW cannot resist to any axial load and becomes statically unstable. A close scrutiny of these plots reveals that the predicted critical slenderness ratios accounting for the surface effect are larger than those obtained from the model without consideration of the surface effect. It is chiefly related to the fact that both residual surface stress and Young's modulus are positive. For practical purposes, the slenderness ratio of the magnetically affected CCNWs should be considered lower than its critical value. Furthermore, for more safe transmission of the electric current, a safety factor can be defined such that the maximum exerted axial load on the CCNW during its service life should be lower than the ratio of the critical buckling load to the safety factor. For a given slenderness ratio, the predicted buckling load by the model based on the surface effect is larger than that predicted by the model without considering the surface effect. Additionally, for higher levels of the electric current or strength of the LMF, the relative discrepancies between the buckling loads obtained from the above-mentioned models would magnify.
Effect of the nanowire's radius. Figures 7(a) and (b)
show the effect of the nanowire's radius on the critical buckling load of the magnetically affected CCNW for various levels of the electric current as well as strength of the LMF. The predicted results by the proposed model are plotted for simple and clamped ends in figures 7(a) and (b), respectively. Irrespective of the magnitude of the electric current or strength of the LMF, the critical buckling load of the CCNW increases as the radius of the nanowire increases. Additionally, variation of the radius of the nanowire on the variation of the buckling load of nanowires with fully clamped ends is more influential with respect to the simply supported nanowires. For all levels of the nanowire's radius, the critical buckling load of the nanowire commonly reduces as the electric current or strength of the LMF increases. For lower levels of the radius of the nanowire, the influence of the electric current or strength of the LMF on the critical buckling of the CCNW is more apparent. According to the plotted results in figures 7(a) and (b), the demonstrated plots in figure 7 (a) are obviously distinct for the considered range of the nanowire's radius, however, the plotted results in figure 7(b) are very close to each other and their discrepancies would lessen by an increase of the nanowire's radius. 
Conclusions
Axial buckling load of CCNWs immersed in a longitudinal magnetic field is examined. By considering the Lorentz force and the surface energy, the governing equations are derived based on the Euler-Bernoulli beam model. By employing Galerkin and assumed mode methods, we arrive at a set of eigenvalue equations at which the smallest eigenvalue represents the critical axial buckling load. In the cases of the simple and clamped ends, the roles of surface effect, nanowire's radius, slenderness ratio, electric current and strength of the longitudinal magnetic field on the critical axial load of the nanosystem are addressed in some detail. The obtained results indicate the importance of considering the surface effect in the axial buckling study of such nanostructures, particularly when the nanowires are subjected to strong magnetic fields or carry high levels of electric currents. By an increase of the electric current or strength of the longitudinal magnetic field, the stability of such nanostructures are endangered and they would buckle at lower levels of the axial compressive load.
